In this paper we report the existence of intervalence charge transfer (IVCT) luminescence in Yb-doped fluorite-type crystals associated with Yb 2+ -Yb 3+ mixed valence pairs. By means of embedded cluster, wave function theory ab initio calculations, we show that the widely studied, very broad band, anomalous emission of Yb 2+ -doped CaF 2 and SrF 2 , usually associated with impurity-trapped excitons, is, rather, an IVCT luminescence associated with Yb 2+
In this paper we report the existence of intervalence charge transfer (IVCT) luminescence in Yb-doped fluorite-type crystals associated with Yb 2+ -Yb 3+ mixed valence pairs. By means of embedded cluster, wave function theory ab initio calculations, we show that the widely studied, very broad band, anomalous emission of Yb 2+ -doped CaF 2 and SrF 2 , usually associated with impurity-trapped excitons, is, rather, an IVCT luminescence associated with Yb 2+ -Yb 3+ mixed valence pairs. The IVCT luminescence is very efficiently excited by a two-photon upconversion mechanism where each photon provokes the same strong 4 f 14 -1A 1g →4 f 13 . The IVCT vertical transition leaves the oxidized and reduced moieties of the pair after electron transfer very far from their equilibrium structures; this explains the unexpectedly large band width of the emission band and its low peak energy, because the large reorganization energies are substracted from the normal emission. The IVCT energy diagrams resulting from the quantum mechanical calculations explain the different luminescent properties of Yb-doped CaF 2 , SrF 2 , BaF 2 , and SrCl 2 : the presence of IVCT luminescence in Yb-doped CaF 2 and SrF 2 ; its coexistence with regular 5d-4 f emission in SrF 2 ; its absence in BaF 2 and SrCl 2 ; the quenching of all emissions in BaF 2 ; and the presence of additional 5d-4 f emissions in SrCl 2 which are absent in SrF 2 . They also allow to interpret and reproduce recent experiments on transient photoluminescence enhancement in Yb 2+ -doped CaF 2 and SrF 2 , the appearence of Yb 2+ 4 f -5d absorption bands in the excitation spectra of the IR Yb 3+ emission in partly reduced CaF 2 :Yb 3+ samples, and to identify the broad band observed in the excitation spectrum of the so far called anomalous emission of SrF 2 :Yb 2+ as an IVCT absorption, which corresponds to an Yb 2+ 4 f 5/2 → Yb 3+ 4 f 7/2 electron transfer.
I. INTRODUCTION
The capability of lanthanide ion dopants to luminesce from their 4 f N and/or 4 f N −1 5d excited states has granted them a prominent role as activators in solid state lighting, lasers, fiber amplifiers, and medical imaging devices. [1] [2] [3] [4] Frequently, however, their applicability is compromised by quenching or by replacement of the expected luminescence by an anomalous emission. Detailed understanding of these mechanisms is important in the search for new interesting phosphor and scintillating materials based on lanthanide ion activators.
The anomalous emission of Yb 2+ in Yb-doped materials is a prototypical case (for a review on the anomalous emission of Yb 2+ and Eu 2+ -doped crystals, see Ref. 5) . The interplay between anomalous and 5d-4 f emissions in Yb 2+ -doped fluorite-type crystals results in a complex electronic spectroscopy, which has been the focus of investigations for decades. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] The adjective anomalous has been used to reflect the irregular, unexpected, very large Stokes shift of the emission observed, with respect to the 4 f 14 → 4 f 13 5d excitation, which makes the red shifted emission band extremely broad. When Yb 2+ is doped in CaF 2 , the anomalous emission prevails; [6] [7] [8] 11, 13 it also occurs in SrF 2 , where both, anomalous emission and regular 4 f 13 5d → 4 f 14 luminescence have been detected together; [8] [9] [10] 14 and no emission whatsoever occurs in BaF 2 up to 1.5µm. 8, 11 Changing the ligand, as in the SrF 2 and SrCl 2 series, also affects the interplay. The dual character of the luminescence of Yb in SrF 2 disappears in the SrCl 2 host, where the anomalous emission is not observed; only regular 5d-4 f emission bands have been assigned in this case showing a complex temperature behaviour. 15, 16 Analyses of spectroscopic data have suggested that the anomalous emission observed in Yb 2+ -doped CaF 2 and SrF 2 is associated with an excited state which has a "radically different" (smaller) radiative rate compared with that of higher lying levels. 11, 13 This characteristic has allowed the application of a two-frequency UV + IR transient photoluminescence enhancement technique which ultimately produces the IR excited state absorption spectrum (ESA) from the lowest anomalous state to close lying energy levels. 13, 14 The anomalous emission of Yb has also been observed in Yb 3+ -doped CaF 2 after application of reducing conditions. 12 Analogous competitions between regular 5d-4 f (as well as 4 f -4 f ) and anomalous emissions have been reported involving other commonly used lanthanide ion activators: Ce 3+ , Pr 3+ , and Eu 2+ . 5, 8, 9, [17] [18] [19] For all of them (including Yb 2+ ), it is recognized that it is difficult to prevent the coexistence of another different valence state, 8, 15, 16, [20] [21] [22] [23] which means that the formation of mixed valence pairs, that is, pairs between two metal sites differing only in oxidation state, is very likely. In this way, occurrence of Ce 3+ -Ce 4+ , Pr 3+ -Pr 4+ , Eu 2+ -Eu 3+ , and Yb 2+ -Yb 3+ mixed valence pairs should be expected, to some extent. In this paper we show that the study of the electronic structure of Yb 2+ -Yb 3+ mixed valence pairs is crucial to understand anomalous emission and its interplay with regular emissions in Yb-doped fluorite-type crystals. The same is true for Ce 3+ -Ce 4+ pairs, as we show in an analogous study of the anomalous emission in Ce 3+ -doped Cs 2 LiLuF 6 elpasolite. 24 Since mixed valence pairs (for lanthanides: Ln n+ -Ln (n+1)+ ) constitute a donor-acceptor (DA) redox system, electron transfer between the donor and acceptor sites, Ln n+ + Ln (n+1)+ → Ln (n+1)+ + Ln n+ , may occur, and the process can be referred to as an intervalence charge transfer (IVCT), 25 in analogy with the IVCT processes that have been investigated involving mostly mixed valence transition metal compounds [26] [27] [28] [29] [30] and, scarcely, lanthanide ions. 31, 32 Although most IVCT studies refer to thermally and radiatively induced electron transfer between the ground states of the donor and acceptor sites, we show here that the D + A → A + D reaction can involve many of the excited electronic states of the mixed valence pair and lead to a variety of non-radiative and radiative IVCT processes.
The goal of this paper is to show that all of the spectral features we have summarized above for Yb 2+ . So, the bielectronic character of this IVCT luminescence explains the very slow radiative decay rate of the so far called anomalous emission. Its very large band width comes from the large change in the electron transfer reaction coordinate accompanying the electronic transition: |∆Q et |= 0.49 Å (CaF 2 ), 0.60 Å (SrF 2 ). Its occurrence and temperature quenching in CaF 2 and SrF 2 , including its coexistence with regular 5d-4 f emission in SrF 2 below 140 K, or its abscence in BaF 2 and SrCl 2 , including the absence of any emission in BaF 2 , can be understood on the basis of changes in the topology of the diabatic IVCT energy diagrams of the Yb 2+ -Yb 3+ invervalence pairs in the different hosts. The IR ESA spectra measured in CaF 2 and SrF 2 are also reproduced, showing a close, upper lying state, which may contribute a much faster monoelectronic Yb 2+ 5d e g → Yb 3+ 4 f 5/2 IVCT emission, plus a number of other close lying upper levels which contribute to the transient photoluminescence enhancement.
In parallel to this work, we are presenting analogous studies on the nature of the anomalous luminescence of Ce-doped Cs 2 LiLuCl 6 and its interplay with regular emissions. 24 There, the fast anomalous emission of Ce is identified as a monoelectronic Ce 3+ 5de g → Ce 4+ 4 f IVCT luminescence, which is observed and calculated to be above the lowest, regular 5de g → 4 f emission of the Ce 3+ active center. That work and the present paper are part of an effort focused on assessing and showing the relevance of intervalence charge transfer processes in the optical properties of very common lanthanide ions activators. Both works show that IVCT luminescence has been observed experimentally, but has not been identified as such, neither in Yb 2+ -doped nor in Ce 3+ -doped crystals. The same is true for other IVCT processes which are predicted and have not been identified or observed (i.e. transient IVCT photoluminescence enhancement, other IVCT absorptions, emissions, and non-radiative energy transfers). Altogether, the results presented so far suggest that the theoretical effort should continue and cover other common hosts and activators like those mentioned above; they also suggest that incorporating quantitative IVCT energy diagrams to experimental analyses should be useful. 
Given that the electronic spectroscopic transitions are dominated by the totally symmetric vibrational coordinates, the breathing modes of the donor (YbX 8 ) 6− and acceptor (YbX 8 ) 5− sites are the only vibrational degrees of freedom we will consider, which results in the parametric dependence of the diabatic potential energy surfaces on the Yb-X distance in the left and right components of the DA and AD pairs, d L and
The two diabatic potential energy surfaces for the ground state 00 of the Yb 2+ -Yb 3+ mixed valence pair in Yb-doped CaF 2 
It is important to note that in this work the electronic coupling between any two diabatic states i j of DA and kl of AD, V diab DiAj,AkDl = 〈MÂ(Φ Di Φ Aj )|Ĥ|MÂ(Φ Ak Φ Dl )〉, will be neglected for all values of the d L and d R coordinates. As a consequence, there will be no avoided crossings among the diabatic potential energy surfaces nor mixings between the diatabic states. Whereas this approximation can be expected to be a good one away from the intersection regions, it becomes weaker on them, since the diabatic energies at intersections give upperbounds to the energy barriers that would result from avoided crossings should the electronic couplings be considered. We comment further on this issue in the next section where diabatic energy diagrams for the electron transfer reactions will be extracted from the diabatic energy surfaces. As we will show in this work, many spectroscopic features of the mixed valence pairs can be addressed quantitatively or semiquantitatively within the diabatic approximation, using the diabatic energy surfaces only. We describe next how they will be computed in this work.
According to the group function theory used to define the diabatic wavefunctions of the mixed valence pairs, the diabatic pair energies are the sum of the donor and acceptor energies plus their mutual Coulomb and exchange interaction. 34 The latter should be almost independent of the donor and acceptor states, in general. Hence, we can write:
In Eq. (2) where
are the independent embedded cluster energy curves of the donor and acceptor obtained as described in Sec. II B, and 
In any case, the term
is common to the DA and AD energy surfaces and to all states of both. Its effect is a common shift of all of them and, consequently, it does not contribute to energy differences between them.
In this alternative, the symmetry reductions around D and A due to the presence of the other (A and D, respectively) are not considered. Therefore, the energy splittings driven by symmetry lowering, which are dependent on the distance and relative orientation between D and A, are not obtained. The most important ones in the present work would be the splittings produced on the (YbX 8 ) 6− levels by the presence of the Yb 3+ substitutional ion. Yet, whereas such site symmetry reductions would add significant conputational effort to the embedded cluster calculations, the corresponding splittings would only be responsible for fine structure features of the spectra; they would neither affect the positions nor the number of the main absorption and emission bands. Therefore, the alternative chosen in this work will be able to capture the basics of the energy surfaces of the pairs by means of completely independent calculations on the D and A embedded clusters. This is the strength of the present approach. 35 The calculations include bonding interactions, static and dynamic electron correlation effects, and scalar and spin-orbit coupling relativistic effects within the clusters, which are treated at a high theoretical level. They also include Coulomb, exchange, and Pauli repulsion interations between the host and the clusters, which are considered at a lower theoretical level by means of a quantum mechanical embedding potential. Electron correlation effects between the cluster and the host are excluded from these calculations.
Details of the quantum mechanical calculations
The calculations presented here assume that Yb 2+ and Yb 3+ ions substitute for M 2+ (M 2+ = Ca 2+ , Sr 2+ , Ba 2+ ) and occupy cubic sites in the perfect fluorite structures. 36 Following the embedded-cluster approximation, the imperfect crystals were divided into the defect cluster and the embedding host, which were represented as follows.
The ,0), to fulfil strong orthogonality, and 5 s-type Gaussian type functions were used at the six ( 1 2 ,0,0) interstitial sites surrounding the YbX 8 cube in the fluorite structures; their orbital exponents were optimized to give minimal impuritytrapped exciton energy. The embedded-cluster calculations were performed using D 2h symmetry.
AIMP embedding potentials were used in the embeddedcluster Hamiltonian to represent the host effects due to interactions with the remainder of the crystal ions, which include quantum mechanical embedding effects associated with exchange and Pauli repulsion, in addition to Coulomb electron repulsion and Madelung interactions. 41 42 . All ions located in a cube of 7×7×7 unit cells, centered at the impurity site, were represented by their total ion embedding AIMP; an additional set of 2781 point charges was used to ensure that the Ewald potential is reproduced within the cluster volume. These charges were obtained following the zero multipole method of Gellé and Le Petit. 43 A recent study on radial correlation effects on interconfigurational transitions at the end of the lanthanide series has revealed that 4 f to 5 f double excitations must be included at the variational multiconfigurational selfconsistent field step preceding second order perturbation theory calculations. 44 Consequently, state-average restricted active space self-consistent field (RASSCF) [45] [46] [47] Once these wave functions are obtained, they become the multireference for multistate second onder perturbation theory calculations (MS-RASPT2), [47] [48] [49] which include dynamic electron correlation, also necessary for getting sufficient precission in the structure and electronic transition data. At this level, all valence electrons of the embeddedcluster were correlated, which amounts to 86 and 85 electrons (Yb: 22 or 21; eight X: 64). We used the standard IPEA parameter value (0.25 a.u.) introduced in Ref. 50 as a simple way to correct for systematic underestimations of CASPT2 transition energies from closed-shell ground states to open-shell excited states, also recommended for other cases. An imaginary shift of 0.1 was also used to avoid intruder states. 51 The highly correlated wavefunctions and energies resulting from the previous spin-orbit free step, namely, the eigenvectors (which are transformed RASSCF wave functions) and eigenvalues (MS-RASPT2 energies) of the spin-orbit free effective Hamiltonian computed at the MS-RASPT2 step, were transferred and used in the last step of spin-orbit coupling calculations, which used the restrictedactive-space state interaction method (RASSI-SO). 52 The transformed RASSCF wave functions were used to compute the spin-orbit coupling matrix resulting from adding the AMFI approximation of the Douglas-Kroll-Hess spin-orbit coupling operator 53 to the scalar relativistic Hamiltonian. Given that D 2h symmetry was used, the MS-RASPT2 energies show slight degeneracy breakings which would spread further throughout the spin-orbit calculation. Hence, the spin-free-state-shifting technique was used to substitute them for averaged values which were used in the diagonal elements of the spin-orbit coupling matrix. The calculation and diagonalization of the transformed RASSCF spin-orbit interaction matrix leads to the final results of the ab initio calculations on the independent (YbX 8 ) 6 Tables  I to IV of Ref. 55 include the Yb-X equilibrium bond distance, totally symmetric vibrational frequency, minimumto-minimum energy differences relative to the 4 f 14 -1A 1g ground state, and analyses of the spin-orbit wavefunctions of all 7 A 1u , 7 A 2u , 14 E u , 21 T 1u , and 21 T 2u spin-orbit levels calculated. They also include the results for the electronic states of the 4 f 13 configuration of the Yb 3+ active centers. Plots of their energy curves vs. the Yb-X bond distance at different levels of methodology (RASSCF, MS-RASPT2, and RASSI-SO) and the calculated absorption spectra are also presented in Figures 1 to 5 Table I ; selected energy curves are presented in the left graphs of Fig. 2 ; all the energy curves are presented in the left grpah of Fig. 3 .
The excited states of Yb 2+ in the four hosts appear to be grouped in four manifolds of impurity states (see Table I and left graph of Fig. 3 ions, as proposed by McClure and Pédrini for impuritytrapped excitons, 9,11 allow to conclude that none of the electronic states of the Yb 2+ active centers can be considered responsible for the anomalous emission observed in the CaF 2 and SrF 2 hosts. Therefore, the hypothesis of the impurity-trapped excitons being responsible for the anomalous emission 9, 11 is not supported by the ab initio quantum mechanical calculations. Impurity-trapped excitons show up in the calculations, but at much higher energies than those that would allow them to play a role in the anomalous emission. As we show in Sec.III and IV, intervalence charge transfer within the Yb 2+ -Yb 3+ active pairs has to be invoked instead.
C. Quantitative energy diagrams for Yb
2+ -Yb 3+ intervalence charge transfer reaction Even though the calculation of the two diabatic poten-
ated with each i j state of the embedded pair before and after electron transfer is necessary for the obtention of the structural and energetic results discussed in this paper (note that any of the MX 2 :Yb 2+ -Yb 3+ excited states lead to two energy surfaces like those for the ground state presented in Fig. 1 , which would make their joint plot extremely crowded and cumbersome), the extraction of the minimal energy electron transfer reaction path from them is a very important step leading to quantitative IVCT energy diagrams which will be actually used to discuss IVCT luminescence and other radiative and non-radiative IVCT processes in Sec. III and IV. In this Section we explain how these diagrams are built: In a first step, the normal electron transfer reaction coordinate Q et for the ground state of the mixed valence pair, Q 00 et , will be defined from the 
which would lead to analogous energy diagrams along corresponding Q i j et reaction coordinates.
Electron transfer reaction coordinate
Within the diabatic approximation, the two symmetric diabatic energy surfaces involved in the electron transfer reaction between the D and A ground states, Fig. 1 ), where they are degenerate, while the corresponding pair wavefunctions MÂ(Φ D0 Φ A0 ) and MÂ(Φ A0 Φ D0 ) never mix, but keep their pure character. In this way, the electron transfer reaction path (see Fig. 1 , top right graph) connects the energy minimum of the DA (YbX 8 ) 
crossing from the DA to the AD surface through the activated complex, which is the crossing point with minimal energy, equal sharing of the transferred electron, and equal Yb-X bond distance for the left and right clusters of the DA and AD pairs, 00 , is an upperbound to the energy barrier that would result from avoided crossings should the electronic coupling between the two energy surfaces be considered. Whereas the diabatic activation energy is independent from the distance between the D and A moieties of the pairs, d DA , the adiabatic energy barrier is d DA -dependent. As commented above, it is close to the activated complex structure where the diabatic approximation is weakest.
The ground state diabatic reaction coordinate Q et (for simplicity we will drop the superscript in Q 
For a precise definition of Q et , we can recall that the changes of the Yb-X distances in the left and right clusters d L and d R along the reaction coordinate fulfil
Then, the normal reaction coordinate can be written as
Q L and Q R being the normal breathing modes of the left and right YbX 8 moieties with respect to their structures in the activated complex:
which have been expressed in terms of the displacements δ X Lk and δ X Rk of the X ligand atoms in the left and right YbX 8 moieties away from their respective Yb atoms, starting from the positions they occupy in the activated complex. A graphical representation of the X displacements along Q et is shown in Fig. 1 (bottom graph) . Since the left and right cluster breathings imply
and
We may mention the relationship of this reaction coordinate and the one of the vibronic model of Piepho et al.. 30 The latter correspons to d ac = (d eD + d eA )/2, which implies m = −1 and gives Fig. 2 . The two diabatic energy curves cross at the activated complex struc-
. In the structures of the pair around the minimum of the DA Vertical absorptions of the independent active centers, which occur at their (fixed) ground state structure, such as: the Yb
, and the Yb
. These transitions are the same read in the energy curves of the independent active centers in the left graph of Fig. 2 .
Vertical IVCT absorptions from the pair ground state, at fixed Q et =-0.256 Å, which means a left Yb-F distance 2.329 Å and a right Yb-F distance 2.201 Å. The initial pair
R is relaxed and, after the radiatively induced electron transfer, the final pair (YbX 8 )
is very stressed and far from equilibrium. These absortion bands are very wide. There is a lowest IVCT absorption (D 0 A 0 → A 0 D 0 , arrow 3), which leads to the photoinduced ground state electron transfer reaction after nonradiative decay, and higher lying IVCT absorptions, like
Electron transfer non-radiative decays to the ground state or to excited states of the pair can also be visualized in the IVCT energy diagram, like the
In this cases, although the IVCT diagram is very helpul identifying the most probable decay mechanisms, the corresponding energy barriers have to be found in the full diabatic potential energy surfaces Finally, vertical emissions can also be discussed using the IVCT energy diagrams in analogous terms as we have discussed vertical absorptions above. These can be regular emissions of the independent acive centers, like Hence, although the transition energies tabulated in this work will be calculated rigorously, we will use the ground state IVCT energy diagram to discuss absorption, decays, and emission processes altogether. Therefore, independent active center emissions and IVCT emissions will be discussed in analogous terms as the independent active center absorptions and IVCT absorptions, with obvious substitutions of the Q et fixed values involved in the radiative processes and their effects on the emission band structure. 6 − left moiety is excited in the lowest of 4 f 13 (5/2)5d e g levels (cf. symmetry labels and configurational character of the parent independent embedded cluster states in Table I ). Vertical absorptions and emissions from their minima will be used in the next subsections; however, their values cannot be read directly from the IVCT diagram of Fig. 3 , since its electron transfer reaction coordinate is that of the ground state. Specific IVCT diagrams along the [1A 1g ,2Γ 7u ] and [2A 1u ,1Γ 7u ] reaction coordinates would have to be constructed using Eqs. 4-8 and the procedure outlined in Sec. II C 2. However, the similarity of all three IVCT diagrams allows to visualize the data from Table II Fig. 3 .
III. IVCT LUMINESCENCE IN CAF
In the following and for clarity, the IVCT energy diagram of Fig. 3 will be reduced so as to include only the electronic states that have been found to participate in the IVCT luminescence mechanism of Yb-doped CaF 2 crystals and in the electronic spectroscopy experiments that will be discussed below. The reduced IVCT diagram appears in Fig. 4 .
B. IVCT luminescence mechanism
The results of the quantum mechanical calculations described in the preceding sections suggest that the IVCT luminescence, which has been observed experimentally and has been interpreted so far as an anomalous luminescence, occurs according to the following mechanism involving steps I to V. The data which characterize the radiative and non-radiative processes the Yb 2+ -Yb 3+ pair states undergo, can be found in Table II and Fig. 4 ; Table I should be useful to clarify the electronic structure of their Yb 2+ and Yb 3+ parent states.
1.
Step I. First photon absorption.
Step vs. 27400 cm −1 and 24814 cm −1 , respectively), suggest similar overestiamtions of around 1500 cm −1 .
Step II. Non-radiative electron transfer
Step Going into more details, it is worth noticing that [1E u ,1Γ 7u ] can excite the IVCT directly through nonradiative decay along step II, followed by steps III and IV explained below. [1T 1u ,1Γ 7u ], however, can excite it directly through its own step II, but also indirectly through an intermediate decay to [1E u ,1Γ 7u ]. This explains the difference observed experimentally in the short time part of the intensity decay curves of the anomalous (IVCT) emission: whereas the intensity of the emission shows a risetime when 1T 1u is excited, the risetime dissappears when 1E u is directly excited instead.
11
The calculatons show branching of the step II nonradiative decays, which could result in quenching of the IVCT luminescence. Besides, the energy barrier for the electron transfer reaction back to the ground ] minimum (the end of step II) and can yield IVCT luminescence after the next steps, will still face temperature dependent decay to the ground state through the low energy barrier. This is in agreement with the fact that quenching of the anomalous luminescence of CaF 2 :Yb 2+ has been observed at 180 K. 11, 60 Also, since the temperature dependence of the non-radiative decay from the 1T 1u to the 1E u states of Yb 2+ mentioned in step I,
, should influence step II as well, right at the initiation of the IVCT emission mechanism, the overall temperature dependence of the IVCT luminescence should be complex; this is further discussed in Sec. IV A 2.
Step III. Second photon absorption.
Step III is the second photon absorption
This step is equivalent to step I, since Yb 2+ is excited to its lowest 4 f 14 → 4 f 13 5d e g electric dipole allowed level 1T 1u by a second photon of the same wavelength as that of step I. The difference is that now, after step II, the Yb 3+ component of the pair is in its 2 F 5/2 2Γ 7u excited state instead of its 2 F 1/2 1Γ 7u ground state. As commented in step I, alternatively, the lower lying [2Γ 7u ,1E u ] state can be directly excited in this step by a second, lower energy photon.
This step reveals that the excitation of the IVCT luminescence is a two-photon process. Whether excitation of the yellow-green anomalous luminescence is a one-or a twophoton process has not been investigated experimentally, as far as we know.
Step IV. Non-radiative decay to the luminescent level.
Step IV is the non-radiative decay to the luminescent 
Step V. IVCT luminescence.
Step 
This large offset results in very broad emission bands with full width at half maximum (FWHM) about 5800 cm −1 , much broader than it could be expected from the regular 2 F 7/2 5de g → 4 f 14 emission, should the latter occur. This is illustrated in Fig. 5, where 
C. Transient IVCT photoluminescence enhancement
Two-frequency transient photoluminescence enhancement measurements on CaF 2 :Yb 2+ single crystals at 10 K have been conducted to probe the energy levels lying above the state responsible for the so far called anomalous emission. 13 The experiments are based on the "radically" different radiative decay rates of the lowest emitting state and higher excited states. The sample, excited in the UV at 365 nm (27400 cm −1 ), is irradiated by an IR pulse. The IR excitation induces significant enhancement of the emission because it populates excited states that have significantly higher radiative rates. 13 So, whereas the radiative rate of the lowest emitting level is in the order of 10 1 ms, the decay of the transient signal is much faster than 2×10 2 µs. 13 Here we show that these experiments can be interpreted as transient IVCT photoluminescence enhancement experiments. Even though within the diabatic approximation used here we cannot calculate transition moments between pair states and, hence, radiative rates or emission lifetimes, the analyses of the wavefunctions of the parent Yb 2+ Fig. 6 ). Altogether, it is possible to conclude that the radiative rate of the lowest emission should be much lower than that of the next higher emission, which is in agreement with the lowest emitting state having a long lifetime. 6, 8, 11, 13 Now, let us discuss the transient photoluminescence enhancement in more detail. Analyses of the transient signals vs. IR wavelength allowed to extract the IR excited state absorption (ESA) spectrum originating in the lowest luminescent level; it consists of two low-intensity sharp peaks at 250 and 1145 cm −1 and a higher intensity broad band from 650 to 950 cm −1 . 13 Other signals found were assigned to trap liberation processes and atmospheric absorptions of the IR free electron laser FEL. 13 The calculated vertical IR ESA spectrum originating in the Yb 2+ -Yb 3+ [2A 1u ,1Γ 7u ] pair state has been included in Table II . The simulation of the ESA spectrum of Fig. 7, graph (a) , has been produced as the superposition of narrow gaussians centered at the energy levels lying below 1700 cm −1 , using equal values of the oscillator strength for each electronic transition. It also consists of three groups of bands which correlate satisfactorily with the experimental values from Ref. 13 , which have also been included in Table II 
In all cases, the electronic transitions involve negligible structural reorganization, which explains why they are very narrow bands. Since the existence of Yb 2+ -Yb 3+ mixed valence pairs in these samples appears to be a reasonable hypothesis, the interpretation of the spectral features mentioned can be done in terms of the IVCT diagrams calculated in this work as explained in the previous sections, where the first absorption of Yb 2+ and the IVCT luminescence mechanism have been described in detail. Yet, the type of samples used in Ref. 12 brings the opportunity to examine the quality of some of the approximations assumed in the IVCT theoretical model used in this paper. In effect, it is worth noticing that departure from cubic site symmetry is far more likely in as-grown As we have discussed, only the very broad yellow-green IVCT luminescence has been detected in CaF 2 :Yb 2+ . 6, 8, 11 In SrF 2 :Yb 2+ , the equivalent "anomalous" emission has been detected in the red, 8, 9 but a second much narrower, blue emission band was also found experimentally and was interpreted as a regular 5d-4 f emission from the metastable states 1E u and 1T 2u of Yb 2+ . 10 And in BaF 2 :Yb 2+ there is no emission at all up to 1.5µm after strong laser excitation in the 4 f -5d band. 11 The remaining luminescence combination, i.e. that only regular 5d-4 f emission is observed, is found in SrCl 2 :Yb 2+ . 15 The results of the quantum mechanical calculations of the diabatic potential energy surfaces and the full and selected IVCT energy diagrams for the ground and excited states of the Yb 2+ -Yb 3+ embedded pairs in the CaF 2 , SrF 2 , BaF 2 hosts are presented in Fig. 6 Tables II  and III, , which act as two different non-radiative decay pathways after the first photon excitation: the first decay yields to the pair ground state, and so, to luminescence quenching; the second, leaves Yb 3+ in its 2 F 5/2 excited spin-orbit multiplet, which can ultimately lead to IVCT luminescence. We will see here how the magnitude of the energy barriers for these crossings are responsible for either luminescence quenching, as in BaF 2 , or interplay between regular 5d-4 f and IVCT luminescence, as in the CaF 2 and SrF 2 cases. This is summarized in Fig. 10 . 2 . This result suggests that step II qnch should result in appreaciable quenching of the luminescence in BaF 2 after 4 f -5d excitation. This observation holds both for IVCT and 5d-4 f luminescence and it is in line with experimental evidences. 11 Then, we can say that BaF 2 :Yb 2+ -Yb 3+ belongs to the case D depicted in Fig. 10 .
D. Excitation of the IR Yb

Luminescence quenching in BaF
Interplay between IVCT and 5d-4 f emissions in CaF 2 and SrF 2
The second important non-radiative pathway following excitation is step II (see Sec. III B), which enables IVCT nonradiative decay to the Yb 3+ -Yb 2+ [2Γ 7u ,1A 1g ] excited state and is part of the IVCT luminescence mechanism. The shifts of the energy barriers leading to step II from CaF 2 to SrF 2 allow to interpret the different luminescent behaviour in these two hosts, as discussed next. 2 , where, as a matter of fact, it has been observed. 10 For the same reason, its contribution to exciting the IVCT luminescence through steps II to IV is much less likely in SrF 2 than in CaF 2 , which correlates well with the significantly overall smaller emission lifetime of the IVCT (anomalous) luminescence measured in SrF 2 compared with CaF 2 .
11 Then, we can say that SrF 2 :Yb 2+ and CaF 2 :Yb 2+ belong, respectively, to a case intermediate between C and B, and to case B depicted in Fig. 10 .
In contrast, the energy barriers for crossing from Beyond step II, which has been discussed so far, the mechanism for IVCT luminescence in SrF 2 is the same as in CaF 2 and leads to a very broad band consisting of two overlapping bands corresponding to the three Yb 3+ -Yb
at 17698, 17716, and 18121 cm −1 . Its FWHM is about 6000 cm −1 as it can be seen in Fig. 5 . The peak en-ergy and FWHM found experimentally are 12670 cm −1 and 4800 cm −1 . This indicates that the underestimation of the peak energy found in CaF 2 becomes larger in the SrF 2 host. In SrF 2 , the agreement between the calculated IR ESA spectrum and the one deduced from transient photoluminescence enhancement experiments in Ref. 14 is comparable to that in CaF 2 . Both the theoretical and experimental spectra can be compared in Table II and Fig. 7 . The interpretation of the observed bands is the same as in the CaF 2 case.
IVCT absorption in Yb
2+ -doped SrF 2
Finally, we would like to report on the IVCT absorption bands which, according to our interpretation, have been detected in the excitation spectra of Yb 2+ -doped SrF 2 (Ref. 11) even though they have not been identified as such. We are not aware of similar experiments in the other hosts.
We will try to interpret the excitation spectra of the . Then, according to the mechanism discussed in Sec. III B, IVCT luminescence will be excited if these branches are reached either by crossings (like above) or by direct vertical IVCT absorptions from the ground state (like here, in the excitation spectrum). This explains the differences observed in the experimental excitation spectra: The excitation spectra of the IVCT luminescence consists of one intense and very broad band peaking at about 351 nm (28400 cm −1 ) as one can read in Fig. 3 The IVCT absorption band we have just assigned can be interpreted as the following one electron transfer: Yb 2+ 4 f 5/2 → Yb 3+ 4 f 7/2 . It differs from the commonly observed IVCT absorptions in mixed valence compounds in that the final state of the pair upon electron transfer is not the stressed ground state, but, rather, a stressed excited state. In this case, the Yb 3+ part of the pair after electron transfer appears to be in the 4 f 13 ( 2 F 5/2 ) excited multiplet. This 4 f -4 f electron transfer is probably weaker than the close lying 4 f → 5d transitions in the absorption spectrum; however, it is more efficient in exciting the IVCT luminescence, because of its direct decay (step II) not facing an energy barrier, which explains its relative intensity in the excitation spectrum. The dual character of the luminescence of Yb in SrF 2 we have just discussed, disappears in the SrCl 2 host, where the IVCT luminescence is not observed: only regular 5d-4 f emission bands have been assigned in this case. However, the emission spectrum of SrCl 2 :Yb 2+ is very complex. This complexity stems precisely from the fact that the IVCT luminescence mechanism cannot occur, hence, 5d-4 f bands which are not observable in SrF 2 :Yb 2+ , become uncovered in SrCl 2 :Yb 2+ . The purpose of this section is to explain why this is so even if the existence of Yb 2+ -Yb 3+ mixed valence pairs is likely. 16, 22, 23 We do not intend to discuss the complex 4 f -5d spectroscopy of SrCl 2 :Yb 2+ , which has been the subject of a number of experimental and theoretical studies. 15, 16, 57, 65, 66 In the host series SrF 2 Fig. 9 and Table III) . And as a consequence, none of the two non-radiative pathways is available in SrCl 2 anymore. We can say that SrCl 2 :Yb 2+ -Yb 3+ belongs to the case A in Fig. 10 . Therefore, the first conclusion driven from the SrCl 2 :Yb 2+ -Yb 3+ IVCT energy diagrams is that the IVCT luminescence observed in CaF 2 and SrF 2 cannot occur in this host. The second conclusion is that not only is the [1E u ,1Γ 7u ] state very stable, but also the higher electric dipole allowed [1T 1u ,1Γ 7u ] state is, since it cannot decay through step II, like in CaF 2 and SrF 2 . This means that both states can luminesce in a wide range of temperatures (blue arrows in Fig. 9 ) and that the temperature dependent multiphonon relaxation from [1T 1u ,1Γ 7u ] to [1E u ,1Γ 7u ], which influenced the intensities of the blue and red emissions of SrF 2 discussed above, applies now to the interplay between radiative and non radiative decays from [1T 1u ,1Γ 7u ], with the additional complexity arising from the Boltzmann population of close lying states above the 1T 1u before room temperature is reached. All of which results in a complex, but well understood temperature dependence of the relative intensities and lifetimes of the two emission bands. 16 In addition to the two emission bands from [1T Fig. 9 ).
V. CONCLUSIONS
Ab initio quantum mechanical calculations of the electronic structure of Yb 2+ -Yb 3+ mixed valence pairs in fluorites allow to conclude the existence of two-photon excited IVCT luminescence in Yb-doped CaF 2 and SrF 2 . The IVCT emission is found to be a bielectronic deexcitation involving electron transfer from the donor to the acceptor moi extended basis sets, non-dynamic and dynamic electron correlation, relativistic effects up to spin-orbit coupling, and quantum mechanical host embedding, all of them, at the highest levels of methodology compatible with the need to combine them all at once. The two series of hosts chosen to demonstrate the capabilities and limitations of the IVCT model presented span a very complex luminescence scenario for validation. In this context, the overall agreement of the theoretical and experimental results including different types of samples (Yb 2+ -doped, Yb 3+ -doped) and experimental techniques: emission, excitation, photoluminescence enhancement spectra and their variation with temperature, is very satisfactory and allows to draw the conclusion that the anomalous luminescence of Yb 2+ associated so far with impurity-trapped excitons is, rather, an IVCT luminescence associated with Yb 2+ -Yb 3+ mixed valence pairs. We also conclude that the broad band observed in the excitation spectrum of the so far called anomalous emission of Yb 2+ -doped SrF 2 is a broad IVCT absorption band corresponding to the following Yb 2+ 4 f 5/2 → Yb 3+ 4 f 7/2 electron transfer. Table III . See caption of Fig. 3 Table III . See caption of Fig. 3 
